This study investigated the expression of uncoupling proteins 2 and 3 (UCP2 and UCP3) in the carnivorous marsupial Sarcophilus harrisii. The current study used molecular techniques to ascertain whether this species expresses UCP2 and/or UCP3. This species increases nonshivering thermogenesis in response to cold exposure and norepinephrine, although our previous study was unable to demonstrate the presence of brown adipose tissue or uncoupling protein 1. Samples of skeletal muscle and white adipose tissues were taken from five S. harrisii pre-and post-cold acclimation (2Њ-3ЊC for 2 wk). The tissues were examined for UCP2 and UCP3 expression through Western blots and reverse transcriptase polymerase chain reaction, with subsequent sequencing to ensure identification of the desired gene. These data suggest that S. harrisii expresses UCP2 but not UCP3. The sequencing of the amplified S. harrisii UCP2 cDNA has revealed a 76% homology with human UCP2 cDNA and a 72% homology with rat UCP2 cDNA. The expression of UCP2 but not UCP3 suggests that UCP2 is conserved from a common ancestor to both the Marsupialia and the Eutheria taxa.
Introduction
Uncoupling proteins are part of the mitochondrial anion carrier protein superfamily localised in the inner mitochondrial * Corresponding author; e-mail: alexander.kabat@utas.edu.au. membrane. Uncoupling protein 1 (UCP1) is accepted as a thermoregulatory protein channel that uncouples the electron transport chain to produce heat. It is also accepted that determining an increase in oxygen consumption in response to a b-agonist (i.e., norepinephrine) and/or cold acclimation is a sufficient method of identifying nonshivering thermogenesis (Nicholls and Locke 1983; Bouillaud et al. 1985; Himms-Hagen 1990; Nedergaard and Cannon 1992; Trayhurn 1994; Klingenberg and Huang 1999) . Uncoupling proteins 2 and 3 (UCP2 and UCP3) have been termed "uncoupling proteins" because of their high genetic homology with UCP1. Early suggestions postulated that the physiological function of UCP2 and UCP3 was to uncouple respiration from adenosine triphosphate synthesis and thus to dissipate the energy stored in the proton electrochemical gradient as heat (Boss et al. 1997; Fleury et al. 1997; Gong et al. 1997) . However, the precise functions of UCP2 and UCP3 remain unclear. It has been suggested that these proteins uncouple the mitochondria and become thermogenic when ectopically expressed (Fleury et al. 1997; Ricquier and Bouillaud 2000) . Both of these proteins are found in tissues (such as skeletal muscle and white adipose tissue) that are more relevant to adaptive thermogenesis in adult humans, which lose brown adipose tissue with age (Fleury et al. 1997) , and there are several convincing arguments that associate skeletal muscle with nonshivering thermogenesis. Shiota and Masumi (1988) , Duchamp et al. (1989) , Ye et al. (1995 Ye et al. ( , 1996 and Van Hareveld et al. (1997) have all shown skeletal involvement in nonshivering thermogenesis in response to cold acclimation or catecholamine stimulation. Fleury et al. (1997) discovered UCP2, which is expressed strongly in muscle and is able to uncouple the electron transport chain in yeast. Also in 1997, Boss et al. discovered UCP3, which is capable of reducing the proton gradient in yeast. Because of its expression in skeletal muscle and brown adipose tissue, UCP3 was believed to be a better candidate to explain nonshivering thermogenesis in animals that do not express brown adipose tissue. There has been a positive correlation between human 24-h energy expenditure and UCP3 mRNA expression levels (Schrauwen and Hesselink 2002) , and UCP3 is upregulated after thyroid hormone treatment in both rodents (Gong et al. 1997 ) and humans (Barbe et al. 2001) .
Physiological and Biochemical Zoology
Marsupials such as Bettongia gaimardi (Rose 1986; Ye et al. 1995 Ye et al. , 1996 Rose et al. 1998 Rose et al. , 1999 , Sminthopsis crassicaudata (Hope et al. 1997; Clements et al. 1998) , and Macropus rufo- (Loudon et al. 1985; Nicol et al. 1997 ) have demonstrated an increase in o 2 as a response to an injection of a b-V agonist such as norepinephrine or BRL 37344. To date, only two marsupials have been shown to possess brown adipose tissue or UCP1. Loudon et al. (1985) detected small amounts of brown adipose tissue in pouch young M. rufogriseus but were unable to identify expression in its adults. Hope et al. (1997) identified brown adipose tissue and UCP1 in adult S. crassicaudata. Studies on nonshivering thermogenesis in marsupials by Clark et al. (1995) , Ye et al. (1995 Ye et al. ( , 1996 , and Rose et al. (1998 Rose et al. ( , 1999 have all suggested striated muscle and/or its blood vessels may be the major source of heat production in marsupials in the absence of brown adipose tissue and UCP1. Rose et al. (1999) theorised that UCP2 and UCP3 may play a thermogenic role in marsupials, based on the close homology of these proteins to UCP1 and their expression in eutherian skeletal muscle. Bettongia gaimardi has been shown to lack brown adipose tissue and UCP1 (Rose et al. 1999; Kabat et al. 2003a) but expresses both UCP2 and UCP3 (Kabat et al. 2003a) .
Sarcophilus harrisii, another member of the dasyurid family, is the largest extant carnivorous marsupial. Kabat et al. (2003b) have reported that nonshivering thermogenesis is an important mechanism in the thermogenic portfolio of S. harrisii, although it is unclear how nonshivering thermogenesis is accomplished in the absence of UCP1. This study investigated the possible presence of UCP2 and UCP3 within S. harrisii in order to determine whether there is a relationship between known nonshivering thermogenesis ability and the expression of these proteins. Also, if these proteins are expressed widely within the Marsupialia taxa as is the case in eutherians, it suggests that these proteins evolved in a common ancestor. Identifying the expression and evolution of these proteins may also provide an insight into function.
Material and Methods
Five adult male Sarcophilus harrisii (6.0-9.7 kg total body weight) were obtained from a wild population. Initially, the animals were housed in the University of Tasmania's Central Animal House outdoor devil enclosures on a natural day/night cycle with free access to food and water. Enclosure temperatures ranged from 14Њ to 23ЊC. All experiments were performed between January and February (the hotter months in Tasmania). Diet consisted of road-killed wallaby, possum, and rabbit and butcher's off-cuts of lamb and chicken. During experimentation, animals were individually housed in the School of Zoology's controlled environment chamber at 2Њ-3ЊC on a 14L : 10D cycle for 2 wk. Food and water were provided as above, and minimum bedding was provided to ensure health but minimise behavioural adaptations. Two weeks has been shown to elicit nonshivering thermogenic responses in other mammals including marsupials (Cossins and Bowler 1987; May 1996; Wunder and Gettinger 1996; Rose et al. 1999; Kabat et al. 2003a) . Six adult and three juvenile male hooded Wistar rats were used as controls. The rats were housed at 22ЊC (negative control;
) or 2Њ-3ЊC (positive controls; ; three n p 3 n p 6 adults and three juveniles) on a 12L : 12D cycle. Animals had free access to water and a commercial diet containing 20.4% protein, 4.6% lipid, 69% carbohydrate, and 6% crude fibre with added vitamins and minerals (Gibson, Hobart, Australia).
Tissue Collection
Two small tissue samples were taken from each of the five S. harrisii to determine the presence of UCP2 and UCP3 before and after exposure to cold. Each animal was given an intramuscular injection of ketamine hydrochloride (1 mg kg Ϫ1 ) followed by gas anaesthesia using an isofluorane-oxygen mixture. A 1-cm incision was made across the left intrascapular or gluteal region through the epidermal layer, and approximately 1 g each of skeletal muscle and white adipose tissue was harvested. Sarcophilus harrisii were given a 0.1-mL bolus injection of the antibiotic Moxylan (Jurox, Hunter Valley, Australia) directly after surgery and were closely monitored for several days until the incisions were fused and clear of infection before the commencement of cold exposure. The above surgery was repeated after cold exposure using the right side of each animal. The animals were monitored for 1 wk after the final experiment and then released at site of capture.
The rats were killed by an overdose of pentobarbital; brown adipose, white adipose, muscle, liver, and brain tissue samples were harvested for analysis of UCP2 and UCP3 expression. All tissues were flash frozen in liquid nitrogen and stored at Ϫ80ЊC for later examination.
Western Blotting
Tissues from the S. harrisii and the rats were isolated using a modified technique outlined by Yoshida et al. (1998) . Tissues were homogenised in 5-10 volumes of 10 mM Tris(hydroxymethyl)aminomethane HCL and 1 mM EDTA (pH 7.4) for 30 s. Samples were centrifuged at 1,200 g for 10 min at 4ЊC, the supernatant was decanted and saved, and the pellet was resuspended and centrifuged as above. The two supernatants were combined and centrifuged at 9,000 g for 10 min at 4ЊC. The resulting supernatant was discarded, and the pellet was again resuspended and centrifuged at 100,000 g for 90 min at 4ЊC. The resulting pellet was resuspended and used for Western blotting. Samples were assayed for protein content using standard Bradford assay techniques. Protein extractions were diluted to 10-40 mg mL Ϫ1 and run on a 4%-20% Tris-glycine gel in a Novex mini-cell at 120 V for 90 min and then transferred to a polyvinylidene difluoride membrane. The membrane was blocked with 5% skim milk powder in 1 M PBS-Tween20 for 5-6 h. Samples were incubated with either rabbit antimurine UCP2 or rabbit antirat UCP3 antibody obtained from Research Diagnostic (Sydney) at a concentration of 1 : 500 in PBSTween20 overnight at 4ЊC. Membranes were labeled with a chemoimmunolescent compound via a rabbit secondary antibody for 1.5 h and were exposed to x-ray film for autoradiography. This technique was validated using control and coldexposed rat tissues that have been identified in the literature to express UCP2 or UCP3 (Carneheim et al. 1988; Scarpace et al. 1998) .
Reverse Transcriptase Polymerase Chain Reaction
RNA was extracted from the same tissues as above using standard RNA extraction techniques. Reverse transcriptase polymerase chain reaction (RT-PCR) techniques were used to amplify the selected cDNA. Synthetic oligonucleotides were designed for the specified protein cDNA using the Clone Tech Primer Detective V1.01 and ClustalW Multiple Sequence Alignment (courtesy of the BCM Search Launcher) programs and were obtained from Sigma Genosys, Castle Hill, Australia (Table  1) . Thermal cycling was performed using a Corbett Research CR-PC960C cycler. All cycling involved 35 cycles of denaturation at 95ЊC for 60 s, annealing at 54ЊC for 60 s, extension at 72ЊC for 60 s, and finishing with a final extension time of 10 min at 72ЊC followed by a rapid ramp to a 4ЊC hold. The resulting cDNA sizes were visualised by gel electrophoresis containing ethidium bromide. Increased stringency protocols were implemented to ensure that reactions were not contaminated with foreign cDNA. All reactions contained two positive controls, ß-actin and specific primers against the rat tissues known to express the required UCPs, as well as two negative controls.
Successful RT-PCR products were ligated into a commercial TA Vector cloning kit produced by Invitrogen. The clones were subsequently transformed into Escherichia coli, propagated, purified, and sequenced. Sequencing was performed using the ABI Prism BigDye Terminator cycle sequencing ready reaction kit on an ABI Prism 310 Genetic Analyser and corresponding software. The sequences obtained were then aligned using Basic Local Alignment Search Tool version 2.0 software from the National Center for Biotechnology Information, National Library of Medicine, National Institutes of Health, U.S.A.
All experiments were approved by the University of Tasmania's Animal Ethics Committee (permit A5705) and were in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. Animals were obtained from wild populations in southeastern Tasmania with permission of the Parks and Wildlife Service (permit FA99288).
Results

UCP2
Western blotting was conducted using a rabbit antimurine antibody that detects rat UCP2 and that we have previously shown cross-reacts with Bettongia gaimardi UCP2 (Kabat et al. 2003a ). This experiment revealed a band at approximately 35 kD in both the cold-acclimated and control (not shown) skeletal muscle tissue from Sarcophilus harrisii (Fig. 1A) . These bands were also seen in the control rat skeletal muscle. However, there was no evidence for upregulation of the protein when comparing any of the cold-acclimated tissues to its pre-cold-acclimated counterpart in either S. harrisii or the rat tissues. There were no bands seen in any of the S. harrisii adipose tissues examined.
RT-PCR was performed on S. harrisii mRNA samples using primers that we have previously shown to hybridise to UCP2 cDNA from a variety of species, including bettong (Kabat et al. 2003a ). RT-PCR of S. harrisii revealed a band corresponding with UCP2 in skeletal muscle ( Fig. 2A) , although no S. harrisii adipose tissues showed bands. The corresponding bands were seen in the rat control samples. Subsequent sequence investigation of the partial products revealed a 76% homology with human and a 72% homology with rat UCP2 cDNA.
UCP3
The Western blot analysis for UCP3 revealed no bands in any of the S. harrisii tissues (Fig. 1B) . However, there were distinct bands in both the cold-acclimated and rat positive control tissues at the 33 kD level. There was no expression of UCP3 cDNA seen in S. harrisii skeletal muscle or adipose tissue in the RT-PCR performed (Fig. 2B) , although bands were seen in the rat positive control tissues. Both the anti-UCP3 antisera and the UCP3 PCR primers used here have been shown to detect their appropriate targets in another marsupial species (Kabat et al. 2003a ).
Discussion
The Western blots performed during this study showed clear bands at the expected level for UCP2 in Sarcophilus harrisii skeletal muscle tissue, and this is supported by detection of a RT-PCR product that shared a 76% homology with human UCP2 mRNA. There was no observable increase in the levels of expression of the protein between precontrol and coldacclimated samples, although upregulation of UCP2 due to cold exposure is a phenomenon not normally seen in muscle (Duchamp et al. 1989; Fleury et al. 1997; Gong et al. 2000; Chomiki et al. 2001 ). This work has also shown that S. harrisii does not express UCP3 in muscle or adipose tissue at either the protein or genetic levels, despite the fact that we have previously shown that both of these methods are capable of detecting UCP3 in rat (Fig. 2) and marsupial (Bettongia gaimardi) species (Kabat et al. 2003a) . Although it is difficult to prove the absence of a particular gene product, the agreement between our results at the cDNA and protein levels strongly suggests that UCP3 is not expressed in the muscle or adipose tissue of S. harrisii.
There is little evidence that UCP2 and UCP3 regulate wholebody thermogenesis. There was no change in the expression level of UCP2 seen between pre-cold acclimation and coldacclimated animals, although cold acclimation has been shown to elicit a nonshivering thermogenesis response, suggesting that this protein does not play a role in thermoregulation. It has been reported, however, that both UCP2 and UCP3 are regulated by nutritional state and free fatty acids and not by changes in environmental temperature (Millet et al. 1997; Boss et al. 1998) . It is well known that upon starvation, energy expenditure is decreased to an extent greater than can be accounted for by the down-regulated energy expenditure of active tissues (Balaban 1990 ). Samec et al. (1998) postulated that this energy saving may be due to the "shutting down" of thermogenesis, that is, a decline in the expression levels of UCP1. However, Boss et al. (1998) showed that heat production in skeletal muscle during starvation remained at basal level, although a fivefold increase in UCP3 mRNA and a doubling of protein expression were seen. Samec et al. (1998) and Cadenas et al. (1999) showed that this rise in UCP2 and UCP3 mRNA expression in skeletal muscle was independent of the thermoregulatory needs of the animals and suggested that UCP2 and UCP3 in muscle may regulate fatty acid metabolism rather than thermogenesis. Muscle temperature in UCP3-overexpressing mice was slightly increased, suggesting that although thermogenesis due to UCP3 takes place, this may be a consequence of significantly improved fatty acid oxidation (Clapham et al. 1993 ). This suggests that UCP3 found in brown adipose tissue does not serve primarily as an uncoupling agent but, rather, it appears to be responsible for increased fat oxidation (Clapham et al. 1993) . Ye et al. (1996) , Eldershaw et al. (1997) , and Van Hareveld et al. (1997) have all shown skeletal muscle involvement in nonshivering thermogenesis in response to cold acclimation or catecholamine stimulation. An injection of triiodothyronine was shown to increase UCP2 expression in human muscle, and its expression in white adipose tissue is positively correlated with resting metabolic rate (Barbe et al. 1998 ). There are suggestions that UCP2 is not involved in whole-body thermogenesis; UCP2 is upregulated during times of fasting (Millet et al. 1997) , and UCP2 knockout mice have a normal metabolic rate for their body size (Arsenijevic et al. 2000) . Furthermore, Golozoubova et al. (2001) have shown that UCP1-ablated mice are unable to perform nonshivering thermogenesis despite an almost 14-fold increase in UCP2 expression. Nicol (1982) studied the thermoregulation of S. harrisii and was unable to find evidence of nonshivering thermogenesis. However, Kabat et al. (2003b) have reported that S. harrisii has the ability to perform nonshivering thermogenesis in the absence of UCP1 and presumably brown adipose tissue. It has also been shown that S. harrisii are efficient thermoregulators (Hulbert and Rose 1972; Guiler and Heddle 1974, 1987; Nicol and Maskrey 1980) . The ability to perform nonshivering thermogenesis in a marsupial species has now been demonstrated in Potorous tridactylus (Nicol 1978) , Macropus rufogriseus (Loudon et al. 1985) , B. gaimardi (Ye et al. , 1996 Rose et al. 1998 Rose et al. , 1999 , Sminthopsis crassicaudata (Hope et al. 1997) , and S. harrisii (Kabat et al. 2003b ). However, the mechanisms behind the nonshivering thermogenesis ability remain unclear. This study has shown that S. harrisii does not possess UCP3; however, without a major study at the genomic level, it can be difficult to rule out the existence of a specific gene in any species.
Although the physiological function of UCP2 still remains unclear, we have shown that both S. harrisii and B. gaimardi (Kabat et al. 2003a ) possess this protein, suggesting that the expression of this mitochondrial anion carrier protein is conserved between the various marsupial taxa. The high structural homology between marsupial and two species of eutherian UCP2 also suggests that there may be a common ancestral origin for this protein. Although UCP3 was not identified in S. harrisii, it has been shown in some marsupials. This may indicate that UCP2 evolved before both UCP1 and UCP3, and the close homology between all three proteins suggests that these two members of the mitochondrial anion carrier protein superfamily have evolved from UCP2. This could possibly be an explanation for the difficulties in identifying a definitive role for UCP2, because it may be the precursor that performs many of the different roles identified for uncoupling proteins.
